The composite of poly-lactic-co-glycolic acid (PLGA) and calcium phosphate cements (CPC) are currently widely used in bone tissue engineering. However, the properties and biocompatibility of the alendronate-loaded PLGA/CPC (APC) porous scaffolds have not been characterized. APC scaffolds were prepared by a solid/oil/water emulsion solvent evaporation method. The morphology, porosity, and mechanical strength of the scaffolds were characterized. Bone marrow mesenchymal stem cells (BMSCs) from rabbit were cultured, expanded and seeded on the scaffolds, and the cell morphology, adhesion, proliferation, cell cycle and osteogenic differentiation of BMSCs were determined. The results showed that the APC scaffolds had a porosity of 67.43 AE 4.2% and pore size of 213 AE 95 mm. The compressive strength for APC was 5.79 AE 1.21 MPa, which was close to human cancellous bone. The scanning electron microscopy, cell counting kit-8 assay, flow cytometry and ALP activity revealed that the APC scaffolds had osteogenic potential on the BMSCs in vitro and exhibited excellent biocompatibility with engineered bone tissue. APC scaffolds exhibited excellent biocompatibility and osteogenesis potential and can potentially be used for bone tissue engineering.
Introduction
Ideal materials for bone tissue engineering should have good biocompatibility, easy molding, and suitable pore sizes, which would ensure the supply of nutrients and ingrowth of new bone tissue. [1] [2] [3] Single biological material is usually impossible to achieve all the functions. Therefore, composition of different materials becomes the focus of research. Calcium phosphate bone cement (CPC) is a bone repair material with good biocompatibility and bone conduction, and is considered as an ideal matrix material for repairing bone defect. [4] [5] [6] [7] Poly-lactic-co-glycolic acid (PLGA) has been widely applied in bone tissue engineering owing to its excellent biocompatible and biodegradable properties and has been approved by FDA for its clinical uses. PLGA can also be used for sustained release of carrier medical materials, drugs, and cytokines. 8 Alendronate is a third generation of nitrogen-containing bisphosphonates and can strongly inhibit bone resorption, prevent bone loss, increase bone mass, and reduce the incidence of fracture. 9,10 CPC porous scaffold containing alendronate-loaded PLGA microparticles provides 3D space for cells to adhere and proliferate, and the loaded alendronate promotes osteoblast differentiation. In this study, we used alendronate-loaded PLGA microspheres and CPC for bone tissue engineering, which not only increased the mechanical properties and absorbability of CPC, but also improved the osteogenic activity via slow release of alendronate. Our results also showed that bone marrow mesenchymal stem cells (BMSCs) had excellent adhesion, proliferation, and compatibility with the engineered bone tissues.
Materials and methods
Materials PLGA 50:50, inherent viscosity 1.13 dL/g, and mw 50,000 was purchased from Lakeshore Biomaterials (Birmingham, AL, USA). Alendronate, polyvinyl alcohol (PVA; mw 30,000-70,000), percoll, PBS, cell counting kit-8 (CCK-8), and culture plates was purchased from Sigma (St Louis MO, USA). DMEM/F12 media, fetal calf serum (FCS) were purchased from HyClone (Logan, Utah, USA).
Penicillin/streptomycin/amphotericin B was obtained from Sangon Biotech (Shanghai, China).
Preparation of microsphere and scaffold
The alendronate-loaded microspheres were prepared using solid/oil/water (s/o/w) emulsion solvent evaporation method as reported previously with slight modifications. 11, 12 PLGA with a lactic to glycolic acid ratio of 50:50 and a weight-average molecular weight of 20,000 Da was used for the microsphere preparation. Briefly, PLGA was dissolved into dichloromethane and the organic solution was mixed by vortexing for 30 s with 300 ml of 1% alendronate in water. The mixture of water-oil emulsion was added into a 0.3% w/v aqueous PVA solution with stirring at 800-1000 rpm for 5 h to evaporate the solvent. The separated microspheres were washed thrice and resuspended in water followed by lyophilization on ATR FD 3.0 system (ATR Inc., St. Louis, MO, USA) and stored until further use at 4 C. PLGA microspheres and CPC powder were mixed at a ratio of 3:1 at room temperature. The mixture of PLGA and CPC were injected as a paste into a mold with diameter of 6 mm and length of 10 mm, resulting in alendronateloaded PLGA/CPC (APC) scaffolds. Each piece of scaffold containing 2 mg of alendronate was lyophilized and stored at À20 C until further use. CPC without PLGA scaffolds (referred as CPC scaffolds) or CPC with PLGA but without alendronate scaffolds (referred as CPC/PLGA scaffolds) were also prepared as controls.
Characterization of microsphere and scaffold
The microspheres and scaffolds were sputter-coated with gold and observed by scanning electron microscopy (SEM, JSM-6390, JEOL, Tokyo, Japan) at 10 kV. The encapsulation efficiency of APC microspheres was determined by suspending 50 mg microspheres into 2 mL PBS buffer (pH ¼ 7.2) and incubating at 37 C for 2 h during which the supernatant was periodically analyzed as described previously. 13 Alendronate release from PLGA microspheres was measured in PBS at 37 C with 5% CO 2 and 95% humidity, using a UV-spectrophotometer and the amount of alendronate released was calculated using a standard calibration curve. The compressive strength of the scaffolds was determined at a loading speed of 1 mm/min using an RGD-5 Test Instrument (Shenzhen, Guangdong, China). Five scaffolds (diameter of 6 mm and length of 10 mm) were tested for each group. The porosity of the scaffolds in distilled water was assessed by the Archimedes method using the following formula: Porosity ¼ (m2Àm1)/(m2Àm3)Â 100%, where m1 is the dry weight of scaffold, m2 is the saturated wet weight of scaffold, and m3 is the wet weight of scaffold suspended in water.
Biocompatibility in vitro
Isolation and culturing of rabbit BMSCs in vitro: All experimental animals were approved by the Shandong University Laboratory Animal Care (Jinan, Shandong, China) and our study was carried out in strict accordance with the Guidelines on the Care and Use of Laboratory Animals issued by the Chinese Council on Animal Research and the Guidelines of Animal Care. Bone marrow fluid was collected in the centrifuge tube under aseptic conditions from the tibia and femur condyle of four anaesthetized New Zealand rabbits (0.80 kg, one month old, male). Bone marrow fluid-PBS mixture (10 mL) was allowed to stand for 12 min, and then supernatant was slowly transferred to a 15 mL centrifuge tube containing an equal amount of Percoll. After 30 min of centrifugation (2000 rpm) in no braking mode, mononuclear cells were collected from the interphase (cloudlike cell layer), and mixed with 10 mL of culture medium consisting of 89% DMEM/F12, 10% FCS, and 1% penicillin/ streptomycin/amphotericin B, 10 mmol/L b-glycerophosphate, 50 mmol/L ascorbic acid and 0.1 mmol/L dexamethasone. Cells were cultured at the condition of 37 C, 5% CO 2 , and 95% humidity. The culture medium was changed every two days, and the cells were subcultured by trypsin digestion at 90% confluence. We choose well growing cells at the third generation for the following experiments.
Cell seeding: The CPC scaffold, PLGA/CPC scaffold, and APC scaffold were placed in the culture plate respectively, and cell suspensions were seeded on the scaffolds surface (2 Â 10 5 cells/scaffold). The culture plate with scaffold material and cells were cultured at 37 C with 5% CO 2 and 95% humidity. The culture medium was changed every day.
Examination of cell morphology:
To observe cell adhesion on the scaffold surface, the cell-containing scaffolds were rinsed with PBS gently before the specimens were fixed with 2.5% glutaraldehyde in PBS for 1-2 h, followed by washing with PBS, and subsequent dehydration sequentially in 30, 50, 70, 80, 90, and 100% ethanol at 37 C for 10-15 min. Subsequently, the samples were sputter-coated with gold and examined by scanning electron microscopy (SEM, JSM-6390, JEOL, Tokyo, Japan) at 10 kV.
Examination of cell adhesion and proliferation:
The CPC scaffold, PLGA/CPC scaffold, and APC scaffold were placed in 96-well plates. Control wells were left blank without scaffold. BMSCs at a density of 5 Â 10 3 /cm 2 were seeded on well containing scaffolds (n ¼ 3 Â 15) and the blank control wells (n ¼ 15). The cells in the 96-well plates with or without scaffold were cultured at 37 C with 5% CO 2 and 95% humidity. After 4, 8, and 12 h, CCK-8 was used to determine cell adhesion. Briefly, 10 ml of CCK-8 solution was added to each well, and the 96-well plate was continuously incubated at 37 C for 1 h. Subsequently, the absorbance was read at 450 nm with an automated microplate reader (BioTek, Highland Park, IL, USA). All procedures were repeated three times and cell adhesion for four groups was analyzed.
To determine the cell proliferation, scaffold was placed in the 96-well plates as described above. BMSCs at a density of 3 Â 10 4 /cm 2 were seeded on the scaffold wells (n ¼ 3 Â 20) and the blank control wells (n ¼ 20). The culture plates were cultured at 37 C with 5% CO 2 and 95% humidity. The culture medium was changed every day. On days 1, 3, 5, and 7 after cell seeding, cell proliferation was determined using CCK-8 assay as described above. All procedures were repeated three times and cell proliferation for four groups was analyzed.
Cell cycle analysis: Scaffold was placed in the 96-well plates as described above. BMSCs at a density of 1 Â 10 9 /L were seeded on the wells with or without scaffold. After incubation for one week, cells were collected for cell-cycle analysis by flow cytometry.
Alkaline phosphatase (ALP) activity: BMSCs were seeded on the wells containing CPC scaffold, PLGA/CPC scaffold, APC scaffold and blank wells at a density of 3 Â 10 5 cells/ well in 96-well plates. After 7 and 14 days of culture, alkaline phosphatase (ALP) activity was quantified by determining the specific conversion of p-nitrophenyl phosphate into p-nitrophenol. The enzyme reaction was carried out at 37 C water bath for 60 min and then terminated by adding distilled water containing 2 M NaOH and 0.2 mM EDTA. The absorbance of p-nitrophenol was measured at 410 nm using a spectrophotometer. The absorbance was directly converted to ALP activity level based on a standard curve, which was obtained with pNP values ranging from 0 to 600 mmol/mL.
Statistical analysis
All data were expressed as the mean AE standard deviation (SD) and the statistical analysis was determined using single factor analysis of variance (ANOVA) with Bonferroni's post hoc tests for comparison. All statistical analyses were performed with SPSS software (version 17.0, Chicago, IL, USA) and differences were considered significant at p < 0.05.
Results

Characterization of microsphere and scaffold
Representative SEM micrographs of alendronate-loaded PLGA microspheres and APC scaffold were shown in Figure 1 (a) and (b). Characterization of microspheres and scaffolds are shown in Table 1 and Table 2 , respectively. Alendronate-loaded PLGA with uniform size of microspheres were successfully prepared by s/o/w emulsion solvent evaporation method and exhibited good sphericity. Alendronate-loaded PLGA microspheres had a mean diameter of 210 AE 90 (mean AE SD) mm. It is worth noting that microspheres showed narrow size distributions with a diameter of 210 mm, which was promising for good reproducibility and repeatable release behavior. The encapsulation efficiency for PLGA microsphere had a high value of 75.12% for alendronate. Our in vitro release data shown in Figure 2 exhibited that alendronate-loaded PLGA microspheres expressed a common exponential tendency with an initial burst; accordingly, 60% of total release had been achieved during first seven days. Up to day 28, the total alendronate release was almost completed. The diameter of 213 AE 95 mm pore can be seen in the APC scaffold with high porosity. PLGA microspheres were uniformly embedded in scaffold. The porosity of the APC scaffolds was 67.43 AE 4.2%, and the compressive strength was 5.79 AE 1.21 Mpa, which were lower than those of CPC scaffolds, but was close to the cancellous bone that can fully meet the clinical requirement. The addition of alendronate had no impact on the features of microsphere and scaffold.
Cell morphology
SEM showed that BMSCs can attach and spread over the APC scaffold surface (Figure 1(c) ). After five days of seeding, cells were well distributed and firmly attached on the surface of the scaffold.
Cell adhesion and proliferation
The effect of scaffold on cell adhesion and proliferation was tested using CCK-8 assay, which measures the metabolic activity and the number of cells. The results showed that BMSCs on the APC scaffold had significantly higher cell adhesion and proliferation than those on CPC or PLGA/ CPC scaffolds after one day of incubation (Figure 3 (a) and (b)). These results suggest that APC scaffold promotes BMSCs adhesion and proliferation.
Cell-cycle analysis
BMSCs seeded on APC scaffold exhibited a higher percentage of S and G2/M phases than those seeded on CPC or PLGA/CPC scaffolds or blank wells (Figure 4 ). In addition, the results also showed that most cells seeded on the CPC scaffold did not enter the cell cycle and lag in the G0/G1 phase. These results indicated that cells on APC scaffold were promoted to enter the proliferative phase. 
ALP activity
ALP is a well-known enzyme considered as an osteogenic marker. The results showed that BMSCs seeded on APC scaffold had higher ALP activity than those seeded on CPC or PLGA/CPC scaffolds or blank wells after one and two weeks of culture ( Figure 5 ). This is probably due to the high proliferation rate and high osteogenic potential of the BMSCs seeded on the APC scaffold.
Discussion
The treatment of bone defects can present complex and difficult management dilemmas for the orthopedic surgeon. Currently, autologous bone graft is the clinical gold standard for the treatment of bone defects. However, limited source of autologous bone and complications restricted its clinical applications. Allogenic bone transplantation has potential risk of immune rejection and disease transmission. Composite bone substitute materials, also referred as tissue engineered bones with the biodegradable and controlled-release drug delivery system is being extensively investigated for treatment of bone defect. Ideal bone tissue engineering bone materials require a good material properties and biocompatibility to promote new bone ingrowth and nutrient supply.
As a type of bone restorative material, CPC has the following advantages: wide variety of sources, no additional wound at the donor site; good biocompatibility; 14 solidliquid mixture producing a paste with injectable and temporary plastic; 15, 16 self-curing at room temperature and does not generate heat; 16 high osteoconductivity and biodegradable activity; close to the mineral composition and properties of bone tissue; 17 and no obvious toxic and side effect and no immunogenicity and carcinogenicity. 18, 19 However, this kind of cement solidified product is hydroxyapatite. Although it contains hydroxyapatite porous structure, the pore size only has several microns or less. Thus, it cannot allow vascular permeation and cell ingrowth. Furthermore, such bone cement is very stable in the body, and the absorption and degradation usually occur only on the surface and the absorption rate is very slow. 20,21 Therefore, CPC, particularly its degradation speed, needs to be improved. One of the reasons for the slow degradation of CPC is due to its lack of pore structure. After the formation of microspheres, porous scaffold is conducive to cell and bone ingrowth. Thus, improvement on CPC's poor mechanical properties and slow absorption is critical for its clinical applications. [22] [23] [24] PLGA is the polylactic acid (polylactic acid, PLA) and polyglycolic acid (polyglycolic acid, PGA) co-polymer which was used to improve material property of CPC in this study. PLA and PGA are a-polyester-based polymer material with high plasticity, good mechanical strength and biocompatibility, and excellent degradability in vivo. The degradation rate can be adjusted by the molecular weight and the ratio of PLA and PGA. 25 Degradation products of PLA and PGA are eventually decomposed into non-toxic harmless products, e.g. CO 2 and H 2 O through the ester bond, and excreted by the kidneys or other pathways. Studies have shown that drug encapsulation rate of PLGA for simvastatin reaches more than 90%, and drug could be sustainably released over three weeks. 26 Our in vitro study showed that alendronate encapsulation rate of PLGA was about 75%, and the profiles of alendronate could release over 28 days. Alendronate is a third generation nitrogen-containing bisphosphonate that can efficiently inhibit bone resorption, prevent bone loss, increase bone mass and decrease the incidence of fractures. 9 Bisphosphonate drugs can damage the cytoskeleton of osteoclasts, affect the ruffled border and sealing zone in the process of osteoclastic bone resorption, directly inhibit osteoclast formation and promote apoptosis of osteoclasts and indirectly inhibit osteoclast differentiation and bone resorption through osteoblasts. 10, 27 Studies have shown that oral administration of bisphosphonates is complicated by its poor bioavailability (generally < 5%) 28 and only 50% of the absorbed drug can be selectively taken up by the skeleton, while the rest is excreted in urine. 29 Intravenous administration can improve the utilization of drugs, but may cause complications, e.g. osteonecrosis of the jaw, renal complications, acute syndrome, and gastrointestinal dysfunction. 30, 31 Local sustainedrelease of the drug can effectively overcome the defects of the two routes of administration. In addition, it reduces the dosage of drugs and effectively improves its utilization by the bone. 32 Our present results also suggest that cell adhesion, proliferation as well as osteogenic differentiation of the BMSCs on APC scaffolds was higher than those on the pure CPC scaffold or PLGA/CPC scaffold, suggesting APC scaffold facilitates cell osteogenic differentiation via the use of alendronate.
Aperture, porosity, and connectivity of the pores are important indicators of porous materials. Although the appropriate pore size of artificial porous materials remains controversial, the consensus view is that the pore size should meet the required spaces for osteons and bone cells to grow in the materials. In 1870s, Klawitter et al. 33 considered that suitable bone tissue ingrowth aperture is at least 100 mm, and suitable aperture of carrier is 100-500 mm. Mistry et al. 34 believed that a suitable aperture for bone tissue engineering scaffold is 200-400 mm, a pore size that provides a suitable space for cell adhesion, growth, and functioning. New bone tissue can grow into the internal space from the surface of the scaffold, thus forming a network structure. When the porosity is between 30 and 50%, the pores are connected with each other and the scaffold could meet the clinical requirements of the initial strength. 35, 36 Only with suitable aperture, porosity, and pore connectivity, can the scaffold achieve the purpose of repairing the bone defect. In this study, we found that the distribution of pore size for APC scaffold is around 213 mm and the pores are connected via small channel, which resembles to the structures of the cancellous bones. Porous structure of the composite tissue engineering bone is not only conducive to cell adhesion and ingrowth, blood vessels and nerve ingrowth, but also in favor of the infiltration of nutrients and the excretion of metabolites. In this study, the APC scaffolds were successfully prepared by a s/o/w emulsion solvent evaporation method and exhibited suitable porous structure and compressive strength. In addition, we showed that cells seeded on pure CPC scaffold had a lower proliferation rate than those seeded on PLGA/ CPC or APC scaffold, suggesting porous structure have a good capacity of supporting cell growth.
In conclusion, the results obtained in this study demonstrated that APC scaffold has a pore size of 213 AE 95 mm, a porosity of 67.43 AE 4.2%, and a compressive strength of 5.79 AE 1.21 Mpa, which support rapid cell adhesion and proliferation, and osteogenic differentiation. Furthermore, APC scaffold has an excellent biocompatibility with engineered bone tissues in vitro.
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